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A temperature change (DT ad ) or a magnetic entropy change (DS m ) in a magnetic material subject to an external applied magnetic field under adiabatic conditions is known as the magnetocaloric effect (MCE). 1 This effect was first discovered in an iron sample and has long been explored in paramagnetic (PM) salts to attain temperatures below 1 K for cryogenic applications. 1, 2 Recently, much attention has been paid to the discovery of magnetic materials exhibiting large MCEs around 300 K with potential for room-temperature magnetic refrigeration applications. [2] [3] [4] As compared to conventional vapour-cycle refrigeration techniques, magnetic refrigeration based on the MCE yields a higher cooling efficiency, leading to energy savings and limiting environmental pollution. 1 Before the potential of this technology can be fully realized, however, it is vital to develop materials that are costeffective and exhibit large DS m over a wide temperature range, namely a large refrigerant capacity (RC). 4 The RC is considered an important figure-of-merit for magnetic refrigeration and is determined not only by the magnitude of DS m but also by its temperature dependence. [5] [6] [7] It has been reported that magnetic materials undergoing a field-induced/first-order magnetic phase transition (FOMT), such as Gd 5 (Si x Ge 1Àx ) 4 , Mn-Fe-P-As, and LaFe 1Àx Si x H y, show giant MCEs. 2, 3 However, the observed MCEs are often restricted to narrow temperature ranges resulting in small values of RC. An opposite trend has been observed in materials displaying a secondorder magnetic transition (SOMT). [5] [6] [7] In addition, hysteretic losses associated with the FOMT are usually very large and therefore detrimental to the RC, whereas these effects are very small or negligible in the case of the SOMT materials. 5 Ni 50 Mn 50Àx Z x -based Heusler alloys (Z ¼ In, Sn, Sb, or Ga) are an interesting class of material as they have been reported to exhibit interesting physical phenomena, including exchange bias, FM shape memory, and giant MCEs. [8] [9] [10] [11] [12] It is worth mentioning that both conventional and inverse MCEs associated with negative and positive values, respectively, of DS m coexist in these systems. While previous studies were mainly focused on exploring the inverse MCE in Ni 50 Mn 50Àx Sn x alloys and suggested that the large values of DS m ($18-20 J/kg Á K for l 0 DH ¼ 5 T) observed in these alloys were ideal for active magnetic refrigeration. 8, 10, 11 Recent works have revealed that the hysteresis behavior is equally important and must be considered in evaluating the inverse MCE in these Heusler alloys. [13] [14] [15] In this context, it is essential to investigate the influences of FOMT and SOMT on the MCE and RC of the material. A systematic study of a correlation between the conventional MCE and critical parameters near the second-order FM-PM transition is also needed to shed light on the nature of magnetic interactions in the martensitic and austenitic phases in these systems.
In this letter, we attempt to address these important and unresolved issues by conducting a systematic study of the magnetocaloric effects and critical behaviors in melt-spun Ni 50 Mn 50Àx Sn x (x ¼ 13 and 14) alloy ribbons, in which the austenitic phase coexists with (x ¼ 13) or dominates over (x ¼ 14) the martensitic phase. Our study highlights the fact that a large value of DS m is not the sole factor in assessing the usefulness of a magnetocaloric material, as other figures of merit -in particular the RC -may be unfavorable. In addition, magnetic hysteresis losses must be taken into account in calculating the RC in the case of FOMT materials. Sn addition has also been shown to drive the Ni 50 Mn 50Àx Sn x system, in the austenitic ferromagnetic phase, from the short-range (x ¼ 13) to long-range (x ¼ 14) FM order. with a tangential speed of 40 m/s. This process was carried out in an argon atmosphere. The resultant ribbons had a width and thickness of approximately 2 mm and 30 lm, respectively. Before the preparation of the ingots, investigations on the compensation of the elements with a low-melting point (such as Sn and Mn) were carried out carefully to achieve alloys with the expected compositions. Room-temperature structural analyses of the obtained ribbon samples using x-ray diffraction (XRD) revealed that besides the main phase corresponding to an austenitic L2 1 -cubic structure (space group: Fm3m) with a lattice parameter of a ¼ 5.983 Å for x ¼ 13 and a ¼ 5.992 Å for x ¼ 14, there is a trace amount of an additional phase, which is assigned to an orthorhombic structure of 10 M martensite (space group: Pmma). The intensity of XRD peaks related to this secondary phase decreases quickly with increasing Sn content in Ni 50 Mn 50Àx Sn x , due to the development of the austenitic phase. 7 The magnetic and magnetocaloric properties of the samples were measured by using a superconducting quantum interference device (SQUID), where the temperature and applied magnetic field varied from 4.2 to 360 K and from 0 to 5 T, respectively. The temperature interval between magnetic field isotherms was 2 K near the phase transition temperatures and 5 K in other regions. Magnetic measurements were carried out using a warming protocol. With increasing temperature, the x ¼ 13 sample exhibits a phase transition at $250 K, which is known as the Curie temperature of the martensitic phase (T M C ). 1 This transition is absent in the x ¼ 14 sample, because the crystalline fraction of the austenitic phase is dominant. A first-order M-A transition occurs in both samples, with T M-A ¼ 255 K for x ¼ 13 and 165 K for x ¼ 14. The downward shift of T M-A for x ¼ 14 is consistent with previous observations that Sn-doping contributes to the development of the austenitic phase, eventually leading to the complete suppression of the M-A transition for x > 18. 9, 16 A separation between M FC (T) and M ZFC (T) appears at the so-called irreversibility temperature of 235 K (<T M C ) for x ¼ 13 and 178 K (< T M-A ) for x ¼ 14. The degree of this separation has been seen to grow larger in alloys with lower Sn content, where the martensitic phase was dominant and different types of structure (such as 10 M, 14 M, and L1 0 ) coexisted. 9 In other words, the coexistence of FM and AFM interactions, and/or FM clusters in Ni 50 Mn 50Àx Sn x alloys could create short-range FM ordering states in the martensitic phase that is manifested in the FC-ZFC splitting of the magnetization. 9, 16 For T > T M-A , a FM-PM transition (T A C ) appears in the austenitic phase. The values of T A C determined from the minima of dM/dT curves are 302 K for x ¼ 13 and 310 K for x ¼ 14. Notably, a hump indicated by asterisks in Figs. 1(a) and 1(b) can be related to inhomogeniety in crystal structure or to the presence of FM clusters, which often appear around the martensitic-start temperature. 9 This feature has been only observed in Ni 50 Mn 50Àx Sn x ribbons subject to low applied fields but disappeared as the applied field became sufficiently high (see Fig. 1 
To evaluate the MCE in the Ni 50 Mn 50Àx Sn x (x ¼ 13 and 14) samples, isothermal magnetization, M(H), curves were measured around the phase transition temperatures for different magnetic fields up to 5 T. Figure 2 shows M(H) curves recorded at selected temperatures. For x ¼ 13, at temperatures below 245 K, the 5 T magnetization decreased gradually with increasing temperature (Fig. 2(a) ), due to the FM-PM transition in the martensitic phase. At higher temperatures from 245 to 258 K, however, besides a sharp increase in the magnetization, a sudden change of slope can be observed in the M(H) curves at $3.8 T, which is associated with the metamagnetic M-A transition. 8, 9, 16 Above 258 K, the metamagnetic behavior disappears and high-field magnetization decreases with increasing temperature as T A C is approached. The x ¼ 14 sample (Fig. 2(b) ) exhibits a similar temperature dependence of the M(H) curves, with the appearance of the metamagnetic feature occurring at $4.5 T in the temperature range of 150-170 K. We note that the values of saturation magnetization (M s ) in the ferromagnetic austenitic phase are significantly larger for x ¼ 14 (M s % 80 emu/g) than for x ¼ 13 (M s % 55 emu/g). 
where M is the magnetization, H is the magnetic field, and T is the temperature. Figure 3 shows temperature dependence of DS m of the samples for applied fields up to 5 T. It can be observed that both conventional (negative) and inverse (positive) MCEs coexist, with an increase of the applied field enhancing absolute values of DS m . For l 0 DH ¼ 5 T, the maximum magnetic entropy change, DS max , associated with the inverse MCE are 22 J/kg K and 20 J/kg K around T M-A ¼ 255 K and 165 K for x ¼ 13 and 14, respectively. These values are greater than those of a Ni 50 Mn 37 Sn 13 ingot (DS max % 18 J/kg K) 1 or Gd 5 Si 2 Ge 2 (jDS max j % 19 J/kg K). 2 However, the large DS max values are only retained in a very narrow temperature range (DT FWHM % 5 K) due to the nature of the first-order M-A phase transformation. The resultant RC values are therefore expected to be relatively small, as shown below.
For the case of conventional MCE with negative DS m values, the minima of the DS m (T) curves occurred at T A C for both samples. For l 0 DH ¼ 5 T, the values of jDS max j % 4 J/kg Á K in the austenitic range are relatively small, but the DS m (T) curves are distributed over a wide temperature range (DT FWHM % 58 K and 97 K for x ¼ 13 and 14, respectively), due to the nature of the SOMT. The broadening of DS m (T) curves around T A C can be expected to enhance RC of the samples. In addition to the absolute minima associated with T A C , the x ¼ 13 sample also exhibited an additional minimum with jDS max j % 1 J/kg Á K for l 0 DH ¼ 5 T around 225 K, which can be attributed to the Curie temperature of the martensitic phase.
As noted above, the RC is an important factor in assessing the usefulness of a magnetocaloric material. The RC values of the Ni 50 Mn 50Àx Sn x (x ¼ 13 and 14) samples have been calculated from the relation
where T 1 and T 2 are the temperatures of the cold end and the hot end of an ideal thermodynamic cycle, respectively, defined by the full width at half maximum of the DS m (T) peak. The RC is plotted as a function of magnetic field and the results are displayed in insets of Fig. 3 for the cases around T M-A and T A C . As one can see clearly in these insets, the RC increased in alloys with higher Sn contents. It is worth noting that for l 0 DH ¼ 5 T, the DS m around T A C (DS m % À4 J/kg K) is about five times, in magnitude, smaller than that around T M-A (DS m % 22 J/kg K), but the RC is about two times larger for the former case (RC % 160 J/kg) than for the latter case (RC $75 J/kg). Furthermore, it has been noted that large field hysteresis losses usually involve in FOMT materials. 5 Because the field hysteresis losses are the costs in energy to make one cycle of the magnetic field, they must also be considered when calculating the RC of a magnetic refrigerant material being subjected to field cycling. 5 In the case of Ni 50 Mn 50Àx Sn x Heusler alloys, the hysteresis behavior is important and must be considered in evaluating RC for the case of the inverse MCE around T M-A . In particular, for applied magnetic fields higher than a critical field (the field at which the metamagnetic transition occurs, meaning $3.5 T for x ¼ 13 and $4 T for x ¼ 14), magnetization process is not reversible and field hysteresis losses have been found to be significant. In this case, we have subtracted the average hysteretic losses from the RC values calculated without accounting for the hysteretic losses. After subtracting the large field hysteresis losses that accompany the metamagnetic first-order M-A transition, the RC values taken at 5 T for the x ¼ 13 and 14 samples are found to decrease considerably from RC ¼ 70 and 80 J/kg to 54 and 69 J/kg, respectively. These results suggest that for assessing the usefulness of a magnetocaloric material, one must take into account both DS m and RC, particularly in the case of the metamagnetic transitions that can yield "giant" values of DS m . Field hysteresis losses must also be considered and subtracted from the calculated RC for the case of FOMT materials.
In order to understand the difference in magnitude of jDS max j values determined around the phase transitions in Ni 50 Mn 50Àx Sn x Heusler alloys, it is important to investigate their critical behaviors near these transitions. In the present case (T) data to Eq. (4) were determined ( Fig. 4(a) ). Their averaged T A C value of 303.6 K is used for further discussion. With these critical parameters, the construction of M/e b versus H/e bþc plots reveals that the M(H) data fall into two universal curves, one for temperatures below T A C (the f À branch, associated with the FM phase) and the other for temperatures above T A C (the f þ branch, associated with the PM phase, Fig. 4(b) ). A similar analysis has been performed for the x ¼ 14 sample. As shown in Figs and the M-A transformation. 8, 16 This is reflected by small deviation of the M s (T) data around 294 K from the fitting curve (Fig. 4(a) ) and the scattering of some M(H) point data at temperatures T < T A C from the f À branch (Fig. 4(b) ). For the x ¼ 14 sample, the austenitic phase is dominant over the martensitic one, so the occurrence of the long-range FM order is expected. This is supported by the observation that the experimental data of M s (T), v 0 À1 (T), and M(H) around T A C are well described by the asymptotic relations (Figs. 4(c)  and 4(d)) . Notably, the transformation of short-to-long range FM orders as the x value in Ni 50 Mn 50Àx Sn x changed from 13 to 14, respectively, reduces the DS m slightly but enhances RC significantly at a given field and reduces the impact of field hysteresis losses around T M-A .
In summary, we have systematically studied the conventional and inverse magnetocaloric effects and critical behaviors in melt-spun Ni 50 Mn 50Àx Sn x (x ¼ 13 and 14) ribbons. We show that although the magnetic entropy change associated with the SOMT is about five times smaller than that associated with FOMT, the refrigerant capacity is larger for the former case. The hysteresis losses are large and significantly reduce RC in the case of the FOMT. Our study confirms that large DS m should not be the sole factor in assessing the usefulness of a magnetocaloric material, and magnetic hysteresis losses must be taken into account for RC in the case of FOMT materials. The Sn addition has been found to transform the Ni 50 Mn 50Àx Sn x system, in the austenitic ferromagnetic phase, from the short-range (x ¼ 13) to long-range (x ¼ 14) ferromagnetic order.
